Journal of Colloid and Interface Science 605 (2022) 701-709

Contents lists available at ScienceDirect

Journal of Colloid and Interface Science

journal homepage: www.elsevier.com/locate/jcis

Identification of a Grotthuss proton hopping mechanism at protonated
polyhedral oligomeric silsesquioxane (POSS) - water interface

Check for
updates

K.R. Maiyelvaganan?, S. Kamalakannan?, S. Shanmugan?, M. Prakash **, F.-X. Coudert ™*, M. Hochlaf ©*

2 Department of Chemistry, Faculty of Engineering and Technology, SRM Institute of Science and Technology, SRM Nagar, Kattankulathur-603203, Chennai TN, India
b Chimie ParisTech, PSL University, CNRS, Institut de Recherche de Chimie Paris, 75005 Paris, France
©Université Gustave Eiffel, COSYS/LISIS, 5 Bd Descartes 77454 Champs sur Marne, France

GRAPHICAL ABSTRACT

Grotthuss Proton Hopping Mechanisp,

Suroe o 018
Uecessive Eigen-to-Zundel-to-Eigen transformatio”

ARTICLE INFO ABSTRACT

Articl.E‘ history: ) The attachment and dissociation of a proton from a water molecule and the proton transfers at solid-lig-
Received 2 April 2021 uid interfaces play vital roles in numerous biological, chemical processes and for the development of sus-
Revised 18 July 2021 tainable functional materials for energy harvesting and conversion applications. Using first-principles

Accepted 21 July 2021

Available online 28 July 2021 computational methodologies, we investigated the protonated forms of polyhedral oligomeric

silsesquioxane (POSS-H") interacting with water clusters (W,, where n = 1-6) as a model to quantify
the proton conducting and localization ability at solid-liquid interfaces. Successive addition of explicit

Keywords: water molecules to POSS-H* shows that the assistance of at least three water molecules is required to dis-
DFT . . . . . -

AIM sociate the proton from POSS with the formation of an Eigen cation (HoO%), whereas the presence of a
AIMD fourth water molecule highly favors the formation of a Zundel ion (Hs03). Reaction pathway and energy
Grotthuss barrier analysis reveal that the formation of the Eigen cation requires significantly higher energy than the
POSS Zundel features. This confirms that the Zundel ion is destabilized and promptly converts in to Eigen ion at
Protonated Water Clusters this interface. Moreover, we identified a Grotthuss-type mechanism for the proton transfer through a
IR Signatures water chain close to the interface, where symmetrical and unsymmetrical arrangements of water mole-
Eigen and Zundel cules around H* of protonated POSS-H" are involved in the conduction of proton through water wires

where successive Eigen-to-Zundel and Zundel-to-Eigen transformations are observed in quick succession.
© 2021 Elsevier Inc. All rights reserved.

* Corresponding authors.
E-mail addresses: prakashm4@srmist.edu.in, prakashm4@srmist.edu.in (M. Prakash), fx.coudert@chimieparistech.psl.eu (F.-X. Coudert), hochlaf@univ-mlv.fr (M. Hochlaf).

https://doi.org/10.1016/j.jcis.2021.07.115
0021-9797/© 2021 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2021.07.115&domain=pdf
https://doi.org/10.1016/j.jcis.2021.07.115
mailto:prakashm4@srmist.edu.in
mailto:prakashm4@srmist.edu.in
mailto:fx.coudert@chimieparistech.psl.eu
mailto:hochlaf@univ-mlv.fr
https://doi.org/10.1016/j.jcis.2021.07.115
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

K.R. Maiyelvaganan, S. Kamalakannan, S. Shanmugan et al.

1. Introduction

Proton transport and conduction of proton through water
chains occur in a variety of atmospheric, biological and chemical
processes [1-7]. The formation of hydronium ion and the mobility
of the proton is on the origins of these phenomena. For explana-
tion, two scenarios were suggested: (i) Back in 1806, von Grotthuss
[8] proposed a mechanism, which makes it possible to account for
the high ionic molar conductivity of hydronium and hydroxide ions
and thus of water liquid conductivity. Within this mechanism, the
ion does not have to move entirely through the liquid to carry its
charge, but only passes the excess proton. Indeed, each oxygen
atom passes and receives a hydrogen atom at the same time. Obvi-
ously, Grotthuss-type of proton transfer is rapid and efficient,
where water facilitates an efficient charge separation when the
proton leaves the acid. If it occurs at the interfaces of liquid water
with biological entities, or catalysts or material interfaces, it dras-
tically changes the kinetics and thus the outcomes and applications
of such compounds. (ii) Alternatively, Kreuer, Rabenau, and Wepp-
ner [9] established in 1982 a mechanism (denoted as “vehicle
mechanism”) where the protons attached to the protonated spe-
cies and the neutral surrounding uncharged molecules diffuse
together. The excess proton travels on top of the host molecule
through the solvent. Hence, The vehicle mechanism corresponds
mostly to the proton conduction in aqueous systems.

The solid-liquid interface proton transfers are important for
fuel cell applications such as the proton conduction in electrolyte
membranes. However commonly used Nafion-based membranes
have some drawbacks limiting their applications [10]. Exploiting
alternative composite fuel cell membranes without compromising
proton conductivity is an active field. For that purpose, polyhedral
oligosilsesquioxanes (POSS) as nano-additives are expected to
enhance the properties of such cells. This is also associated with
good thermal, chemical and mechanical stabilities because of the
rigidity of the inner silicon and oxygen frameworks [11,12].
Indeed, earlier experimental studies highlighted the benefits of
POSS framework such as, its non-volatility and its extensively
stable nature at high temperature, pressure, odorless, extreme
acid-base condition. It is also ecologically friendly [13-15]. It is
very challenging to probe the mobility of protons at the solid-lig-
uid interface using experimental techniques. Instead, insights into
the proton transfer mechanism, pathway and conduction ability of
materials can be understood by a variety of computational and
dynamical techniques [16-22]. For instance, the proton transfer
in aqueous media and proton dissociation ability from acidic mate-
rials have been studied using the density functional theory (DFT)
and ab initio electronic structure approaches [23,24]. There are
however few studies that have been reported on POSS-based mate-
rials for proton conduction ability of sulfonic acid or phosphonic
acid derivatives [25,26].

At present, quantum chemical calculations using ab initio and
DFT methods are performed for understanding the acidic nature
of POSS-H" cage as well as the proton transfer, the proton conduc-
tion pathway and proton affinity in this solid-liquid interface. This
is done after structural changes and symmetric, asymmetric, pro-
ton oscillation and strong hydrogen bond (H-bond) stretch vibra-
tional analyses of the protonated form of polyhedral oligomeric
silsesquioxane with water (W) clusters (POSS-H*@W,, where,
n=1 - 6). In addition, we show that the protonated species partic-
ipate into a proton hopping mechanism at this solid-liquid inter-
face via Grotthuss-type mechanism. The excess proton
dissociation from POSS-H" molecule to water molecule is associ-
ated with the successive formation of Eigen/Zundel/Eigen cations.
Their vital role in proton transfer process at microscopic level is
elucidated. This process was already observed at silica-water

702

Journal of Colloid and Interface Science 605 (2022) 701-709

interface, [22] but it is found here for the first time for an interface
composed by a nano-cluster and water molecules.

2. Methodologies
2.1. Characterization of POSS-H*@W,, (n = 1 - 6) clusters

The initial structure of POSS was taken from crystal database of
POSS framework. For the initial structure of POSS-H", we used the
procedure described in Figure S1. All geometry optimizations were
done at the DFT level, using the B3LYP functional (Becke’s three-
parameter hybrid exchange functional and Lee-Yang-Parr correla-
tion functional), in conjunction with the 6-311++G** basis set
[27,28]. Earlier reports revealed that this level of basis set is suit-
able to study accurately the structure, stability and spectral signa-
tures of protonated water clusters and proton transfer mechanism
[29-32]. Geometry optimizations were systematically followed by
frequency calculations carried out at the same level of theory, to
confirm the minimal nature of the stationary points on the corre-
sponding potential energy surface. All electronic structure calcula-
tions were performed using GAUSSIAN 16 [33]. GaussView 6.0 and
Chemcraft softwares were used for visualization and geometrical
analysis [34,35]. We also performed atoms in molecules (AIM)
analysis using the AIM2000 package [36] to quantify the various
types of noncovalent interactions in POSS-H*@Water interfaces
(see Supporting Information for full details).

2.2. Ab initio molecular dynamics (AIMD) methodology

The hybrid Gaussian and plane wave method GPW was used as
implemented in the CP2K software [37]. The production simula-
tions were performed in the constant-volume (N, V, T) ensemble
with fixed size and shape of the unit cell. A time step of 0.5 fs
was used in the MD runs, and the temperature was controlled by
using a canonical sampling through velocity rescaling thermostat
with a time constant of 1 ps. The exchange-correlation energy
was evaluated in the Perdew — Burke — Ernzerhof (PBE) approxi-
mation [38] and the dispersion interactions were treated by incor-
porating Grimme corrections [39,40| at the DFT-D3 level. The
Quickstep module uses a multigrid system to map the basis func-
tions onto. The default number of 4 different grids were used, along
with a plane-wave cutoff for the electronic density of 800 Ry (sui-
ted for the presence of O atoms), and a relative cutoff of 40 Ry.
Valence electrons were described by double-{ valence polarized
basis sets and norm-conserving Goedecker — Teter — Hutter pseu-
dopotentials all adapted for PBE (DZVP-GTH-PBE) for H, C, O and Si.
In addition, to identify the proton transfer reaction pathways and
to get more insights on the ionic features of protonated water clus-
ters at this interface, we have performed Nudged elastic band
(NEB) calculations with PBE + D3 method, where the atoms were
described with the triple-{ valence polarized basis sets (TZVP-
GTH-PBE) for H, O and Si atoms.

The present methodology relies on the GGA-level exchange-
correlation functional PBE, with dispersion corrections, to describe
the water and water-POSS interactions. While this level of theory
is known to slightly over structure water systems (including the
liquid phase), this is in balance with a lower computational cost
that allows for better statistical sampling. Given the system sizes
and MD length involved in this study, hybrid functionals could
not be used. Furthermore, we note that GGA-level exchange-corre-
lation functionals are widely used for the description of water near
interfaces, including in the description of Grothuss proton transfer,
and are qualitatively well validated. This includes a wide range of
systems and phenomena, such as chemically reactive graphene
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oxide in water [41], inorganic or mineral surface/water interface
[42,43], boron nitride and graphene [44], etc. ...

3. Results
3.1. Structures of POSS-H*@W,, (n = 1 - 6) clusters

Fig. 1 displays the optimized geometries of POSS-H*@W,, (n=1-
6) clusters. This figure also gives the distances between POSS-H*
and water molecules. For POSS-H" and POSS-H*@W; and POSS-
H'@W, a unique form is found. For POSS-H*@W3, POSS-H'@W,
and POSS-H'@Ws, four stable configurations are identified. For
POSS-H*@Ws, we obtain six stable structures. Within all species,
the POSS moiety adopts a similar cube-like geometry, which is
analogous to the cubane framework: Si atoms are placed at the cor-
ners of the cube and bridging oxygen atoms are in-between two Si
atoms. For the optimized structure of POSS, the angles are 149° and
109¢ for the Si-O-Si and O-Si-O linkages, respectively (Figure S1).
These parameters are in very close agreement with the experimen-
tal crystal structure of POSS [45]. Upon protonation, the additional
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proton links to an oxygen atom and the corresponding O—H bond
distance is 0.970 A. The corners of the cuboid structure in the vicin-
ity of this protonated oxygen are affected by the presence of the H*,
and we compute Si-O-Si ~ 132° and 0O-Si-O ~ 105°.

Upon addition of water molecules to POSS-H*, we found that
the proton strongly interacts with the primary shell formed by
water. Depending on the geometry and number of water mole-
cules, we observe either the lengthening of the distance between
the proton and the oxygen of POSS, or the proton transfer from
POSS-H* to the water cluster. For instance, this distance increases
from 0.970 A in POSS-H" to 1.019 A in POSS-H*@W; and to
1.074 A in POSS-H*@W,. At the same time, the H*---O,, distance
(Ow is the O of the water molecule) decreases and the H-bond
becomes shorter and stronger. Additional water molecules
attached to POSS-H*@W, lead to proton dissociation from POSS-
H" and attachment to the neighboring water molecule. This is asso-
ciated with the formation of either an Eigen cation core or a Zundel
cation core at the water chain. The latter requires minimum of four
water molecules interacting with POSS-H". This is the case for all
POSS-H'@W,, (where, n = 3-6) structures except the one denoted
as POSS-H*@Wsq (Fig. 1). These cations are stabilized by linear,
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- 21,643
L 358;’; 576 ) i.. 16499
[ N L o %20 1326
}820 605 ) e
- | o 15499, %o,
9 ? J
POSS-H@Wg, POSS-H@Wg,
5 1367 2

POSS-H@W¢;

POSS-H @W¢,

Fig. 1. B3LYP/6-311++G** optimized geometries of protonated polyhedral oligomeric silsesquioxane water clusters (POSS-H*@W,; where n = 1 - 6). Distances are in A. The
dashed blue circle and rectangle highlights the formation of H30* and Hs0j3 cations, respectively.
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branched or cyclic H-bond patterns. Specifically, we notice an
excess proton on water clusters. When possible, we assist to the
complete solvation of the Eigen cation to further stabilize this
ion. For the Zundel ion, the excess proton is localized in the middle
of the two water molecules with the formation of Zundel core
(highlighted by the blue dashed rectangle in Fig. 1) and the proton
donor and acceptor sites in the rigid POSS materials. This is associ-
ated with a planar water six-membered ring. The excess proton is
dangling between two water molecules (H,O0---H".--OH,) with an
0., - 0, distance of ~ 2.4 A, which is typical for Zundel ion [46].

3.2. Binding energies

To get insights on the stability and the mechanism of the proton
transfer on the POSS-H*@W,, (n = 1-6) clusters, we computed their
binding energies (BEs). The BEs were calculated using the super-
molecular approach and corrected for basis set superposition error
(BSSE) employing the counterpoise (CP) procedure suggested by
Boys and Bernardi [47]

n
BE = (ECluster - ZE) (1)
i=1

where, Eqseer is the total energy of the POSS-H*@W,, cluster, E;
is the energy of the monomers (i.e. POSS, POSS-H*, H,0 or H;0"/
H,03). To quantify the dispersion energy in these clusters, we have
computed energetics both with (DFT-D3) and without the inclu-
sion of Grimme’s dispersion correction on the DFT optimized struc-
tures [48]. The BSSE-corrected BEs of various POSS-H*@W,, (n = 1-
6) clusters are given in Table 1. As can be seen there, the BEs
including the D3 corrections are larger (in absolute value), and
they will be considered for the discussion as being in principle
more accurate. For POSS-H*@W,, (n > 3) clusters, the Eigen core
cyclic clusters are more stable than the other isomers.

Table 1 shows that the |BE|’s increase from 20 to 120 kcal/mol
when increasing the number of water molecules. This is due to
the improved stabilization of the larger complexes by H-bonds,
yet typical H-bond energies are in the range of ~ 5-10 kcal/mol,
i.e.,, much less than the bond energies of our interface material.
The existence of Eigen core with water clusters is significantly
more stable than the non-Eigen containing complexes (e.g. POSS-
H*@Wsg; Fig. 1 and Table 1). Also, the Eigen core clusters are more

Table 1
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stable than the corresponding Zundel type having the same H-
bonds; this is due to the positive charge delocalization (i.e. equally
shared) between two water molecules. Thus, the existence of Eigen
core with water clusters significantly stabilizes this solid@water
interface model. In contrast, the formation of Zundel cation rela-
tively destabilizes this interface. Table 1 shows indeed that there
is a reduction of |BE| for the corresponding clusters. For illustration,
Table 1 gives the BE/Nyp quantity which corresponds to the BE per
H-bond within the complex. They are in the range —15 to
—30 kcal/mol with minimal values for clusters having Zundel ion
structure or H-bonded W, cluster. We further note that both clus-
ters having Zundel motifs possess BE/Nyg of ~ —16.0 kcal/mol
which is close to the value of the Zundel ion (H*(H,0),) optimized
at the MP2 level of theory [49].

3.3. IR spectra

For better highlighting the effects of clustering of POSS-H" and
to help their identification in the laboratory, we generated the IR
spectra of POSS-H*@W,,. The vibrational frequencies are reported
after scaling the harmonic frequencies by a factor of 0.9577, for
ease of comparison with experimental data [50]. The full analysis
of the data is given in the Supporting Information (Table S2). For
illustration, Fig. 2 presents the simulated spectrum of POSS-
H*@W,, (n = 1-4) clusters. The calculated characteristic intense
peaks of POSS framework materials for Si-O-Si bending and Si-H
stretching are observed at ~ 1104, 2260 cm™!, respectively in good
agreement with the corresponding experimental stretching fre-
quencies (1100 cm~! and 2293 cm™') [45]. Similarly, the calculated
IR spectrum of O-Si-O linkage of vqs (380 cm™!), vy (533 cm™!) and
Si-H oscillations peak (862 cm™!) values are also in very good
agreement with experimental values which are 389, 557 and
860 cm ™, respectively. This confirms the good accuracy of the pre-
sent predictions. Note that the vibrational results analyses are in
good agreement with the geometrical parameters and AIM elec-
tron density topography analyses. (See Supporting Information
for details).

The calculated IR spectra of POSS-H*@W,, (n = 1-4) clusters are
shown in Fig. 2. For POSS-H*@W,, the peaks appear at 3640 and
3729 cm ™! due to the symmetric and asymmetric O—H stretching
of water molecule in two free O—H groups. Compared to a free
water molecule, these values are slightly red shifted by ~ 16 and

BSSE corrected binding energies (BEs in kcal/mol) with and without considering the dispersion correction (+D3) for the POSS-H*@W,, (where n = 1-6) clusters using the B3LYP/6-

311++G** method. Nyp corresponds to the number of Hydrogen bonds.

POSS-H*@W, Ionic defect in water clusters BE Nup BE/Nyp
BSSE BSSE + D3 BSSE + D3
POSS-H*@W, H-Bond with W, -214 -23.1 1 -23.1
POSS-H*@W, H-Bond in W, chain —40.8 —43.7 2 -21.8
POSS-H*@W5, Eigen in W3 chain -84.7 -89.1 3 -29.7
POSS-H*@Ws3y, Eigen in POSS-W interface -81.9 —86.6 3 -28.9
POSS-H*"@WS5, Eigen in cyclic W5 -86.0 -93.0 4 -233
POSS-H*@W3q4 H-Bonded W,, Cluster -44.8 -51.3 3 -171
POSS-H*@W,, Eigen in W, chain -95.3 —100.2 4 -25.1
POSS-H"@Wyj;, Eigen in POSS-W interface -94.7 -100.3 4 -25.1
POSS-H"@W 4. Formation of Zundel —58.7 —65.3 4 -16.3
POSS-H*"@W 4 Formation of Zundel —58.0 —64.5 4 -16.1
POSS-H*@Ws, Eigen in W5 chain -111.6 -117.3 5 -23.5
POSS-H*@Ws), Eigen cyclic W5 -109.7 -117.8 6 -19.6
POSS-H*"@Ws,. Eigen in POSS-W interface -107.2 -119.2 5 -23.8
POSS-H*@Ws4 -106.5 -1129 5 -22.6
POSS-H*@Ws, Eigen in Wg chain -119.1 -125.5 6 -20.9
POSS-H*@Wg, Eigen in POSS-W interface -119.2 126.3 6 -21.1
POSS-H*@We, -117.5 -124.8 6 -20.8
POSS-H*@Wgq Zundel formation in Wg Ring -81.3 —-84.0 6 -14.0
POSS-H"@We, Eigen in W Book -119.0 -129.3 8 -16.2
POSS-H* @Wg¢ Eigen in Wg Ring -120.8 -129.1 7 -18.4
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correspond to free water O—H stretching, to Eigen core to water stretching and to Zundel core proton oscillation, respectively.

705



K.R. Maiyelvaganan, S. Kamalakannan, S. Shanmugan et al.

28 cm™! respectively. The intense band at 2701 cm™! corresponds
to the H-bonded acceptor water molecule with the POSS-H" moi-
ety. The corresponding red shifted value is 897 cm™!. Such large
redshift is a signature of the strength of H-bonds in these clusters.
In POSS-H*@W, cluster, the H-bonded acceptor-donar (AD) water
molecule gives intense band at 1925 cm™! and resulting red shift
1674 cm™'. The large red shift is due to the charge movement
towards H-bonded water chain and the subsequent O—H bond
order decrease. Earlier reports revealed that the calculated red shift
value of acceptor (A) is significantly higher than the less acceptor
or donor (D) types of H-bond [3,17,54]. For POSS-H*@Ws5 clusters,
there is an Eigen core stretching band around 2347 cm™!, which
is slightly red shifted with real Eigen core in aqueous medium
(i.e. 2420 cm™!). Both AD and A types H-bond stretching frequen-
cies are observed for water trimer.

The IR spectra of POSS-H*@W, isomers exhibit both Eigen and
Zundel features. The bands at 1982 and 2373 cm™! for POSS-
H'@W,, and POSS-H*@Wyj, clusters are due to Eigen core stretch-
ing A and AD water molecules. The larger red shift corresponds to
linear type clusters, which is more favorable for the proton trans-
port through water chain. The excess proton always stabilizes in
the middle of the water chain, irrespective of the n value. Also,
we observe Zundel features in POSS-H*@W,. and POSS-H @W 44
clusters. The respective O—H'-O oscillation vibrational modes
appear at 1688 and 1685 cm™!. In addition, low frequency modes
are computed at 904 and 882 cm™! for the Zundel characteristic
peaks. Since the linear chain Eigen water interactions are stronger
than the cyclic and branched water clusters, a large red shift is
computed.

3.4. Dynamics of proton transfer at the POSS-Water interface

To probe the dynamics of the POSS-H'@water proton transfer,
we then performed ab initio molecular dynamics (AIMD) simula-
tions, also known as first-principles MD. The protocol followed
was the following: (i) generate an initial configuration by random
packing the POSS-H* with 53 water molecules in a 12 A cubic box;
(ii) perform a short geometry optimization of the water molecules,
to relax possible unphysical configurations due to random packing;
(iii) run a constant-pressure dynamics (NPT MD) with the POSS-H*
frozen, so that the density can relax to its equilibrium value, and
the water can reorient and solvate the POSS-H*; (iv) run a “produc-
tion” constant-temperature dynamics (NVT MD) at the average
volume, allowing all atoms to move freely. This computational pro-
tocol ensures that the POSS-H*@water dynamics start from a phys-
ically meaningful configuration, and we can focus observation on
the dynamics of the proton. We studied the system at two temper-
atures, 100 K and 300 K, and performed 3 simulations at each
temperature.

In the majority of cases, we observe a spontaneous transfer for
H* from POSS-H" to the water. This is clearly manifested in the plot
of O*~H" distance over time (Fig. 3), if we label O* the POSS oxygen
that initially bears the proton: in this 100 K dynamics, we see that
the initial structure (solvated POSS-H") is stable in water for the
first 2.8 ps of the trajectory, after which we observe a proton trans-
fer to form POSS + H30". We also see that the hydronium cation
remains weakly hydrogen-bonded to the neutral POSS, even in
solution, as the O*-H" distance fluctuates around 1.75 A (charac-
teristic of a H bond). Further simulation shows that the excess pro-
ton can then diffuse by a Grotthuss-like mechanism, which AIMD is
known to be well-suited to reproduce, both in bulk [51] and at
interfaces [52]. We have observed several events of proton transfer
between water molecules (4 times during the dynamics at 300 K),
and the simulation was not continued after that: as the excess pro-
ton goes further away from the POSS, its dynamics will be that of
the excess proton in liquid water.
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Fig. 3. O*-H" distance as a function of time during a 100 K AIMD simulation, where
0O* is the oxygen atom of the POSS originally bonded to the excess proton in POSS-
H*.

In some cases, we have also observed reactive events involving
the POSS itself, i.e. strong deformation leading to bond breaking
inside the Si—O framework, in a relatively short time (100 to
300 fs). This was observed in one case at each temperature, and
while the details of the dynamics leading to this chemical event
vary, the even itself is the same in both cases: if we name O* the
POSS oxygen that initially bears the proton, then one of the Si-O*
bonds breaks (see Fig. 4). On one side it forms —-Si—OH, which reori-
ents to some extent but does not react further. On the other side,
the now-undercoordinated Si will bond to one of the water mole-
cules, forming -Si-OH3; then this will very rapidly transfer its
excess proton to a neighboring water molecule, ultimately leading
to the formation of -Si-OH and H30" (as depicted on Fig. 4). The
excess proton then diffuses by a Grotthuss-like mechanism.

Therefore, the AIMD study confirms the conclusions of a
Grotthuss-type mechanism for transfer of proton in this POSS-
H*@water system. It also suggests that, in liquid water (or in pres-
ence of more than a few water molecules), there are other possible
evolutions of the POSS-H" system, including reactivity of the POSS
framework itself. This need to be further investigated by system-
atic exploration of the potential energy surface of the POSS-
H*@W,, configurations taking into account such opening, or by

Fig. 4. Final structure after reactivity of the POSS-H® system with water, as
observed in AIMD (see text for details); 52 water molecules not directly involved in
the chemical event are not displayed, for the sake of clarity.
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more computational expensive free energy methods based on the
AIMD description.

4. Discussion

To get information about the conduction of proton, we per-
formed nudged elastic band analyses for POSS-H*@W;,, POSS-
H*@W,, and POSS-H*@W,. clusters. Computations suggest that
POSS-H*@W5, and POSS-H*@W,, isomers are more stable than
the other clusters. Thus, we selected POSS-H*@W 4. model for cyclic
pathway. The detailed reaction pathway with energy barrier anal-
ysis are shown in Fig. 5 and Figure S6 for POSS-H'@Ws;, POSS-
H*@W,, and POSS-H*@W,, clusters. Our study reveals that the
activation energy required for Eigen cation is ~ 240 kcal/mol,
whereas Zundel ion formation requires less energy (i.e. ~ 184 kcal/-
mol). This documents the destabilization of Zundel ion at this
interface favoring the formation of an Eigen core. This is also in line
with the BE analysis and IR shifting values discussed in previous
section.

The present work identifies a proton transfer pathway through
water wire, which corresponds to the well-known Grotthuss
mechanism as illustrated in Fig. 6. This figure shows the important
steps with formation of Eigen — Zundel — Eigen features during
hydration process. The present geometrical analysis reveals that
the formation of Eigen feature requires a minimum of three water
molecules whereas Zundel feature requires a minimum of four
water molecules in the POSS-H*@W, clusters. Similar observation
also found for the experimental and theoretical studies on proton
exchange membrane fuel cell (PEMFC) materials (i.e. Nafion),[53]
a hydrated form of protonated carbonic acid (PCA),[3] carborane
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acid (CA) [17] and trifluoromethanesulfonic acid (TA) [54] with
water clusters (W,, where n = 1-6). Moreover, the formation of
Zundel ion requires a symmetrical arrangement of water mole-
cules, whereas asymmetric hydration patterns dislocate into Eigen
ion. The changes in bond distances upon attaching water molecules
to POSS-H* suggest that the excess proton can jump from one
molecule to other through H-bonded water chain during the
hydration. Since the proton localized in the center of the water
chain, the charge dissociation / association mechanism of water
molecule plays a vital role in the formation of hydronium ion
and the same interacts with the neighbor. This clearly reveals that
the primary shell interaction of water molecule strength reduces
during the migration of a proton.

The energetics of the clusters allow determining the minimal
energy pathway to conduct proton through water chain via the
identification of the most stable isomers, important for the proton
hopping mechanism. The origin of the proton hopping mechanism
is the existence of Eigen and Zundel cationic defects. The excess
proton localized in the middle with the formation of Zundel feature
illustrates the origin of proton conduction via the Zundel to Eigen
transformation. When slight distortion happens in the molecular
arrangement, H-bonds can favor the formation of Eigen or other
short-lived species from symmetrical Zundel core. The transforma-
tion of Zundel-Eigen-Zundel is favored by increasing the number of
water molecules within these clusters. Close scrutiny of the
geometries, IR spectra and AIM electron density analysis of POSS-
H*@W, clusters reveals that Zundel-type feature is observed when
an even number of water molecules are arranged in cyclic clusters
in conjunction with the formation of the symmetric configuration.
However, the unequal/odd amount of hydration patterns are more
favorable for the transfer of proton from Zundel to Eigen. Then it
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Fig. 5. Reaction pathway and respective energy barrier (in kcal/mol) for the different conformation of the Eigen cation at POSS-Wj3 interface (at PBE + D3/TZVP method). (a),
(b) and (c) correspond to snapshots at the beginning, at the maximum of the energy barrier and at the end of the reaction, respectively. The blue dotted circle indicates the

proton localized sites.

+

S S

RO’ — RO.H
** Step-1 .

H, ‘OH,

tep-

RO=POSS "OH,

0T D
RO, H.'O‘H = (H2O)nt  step-vi

St RQ-H-OH;——»ROQ-H QHyOHpgx, RO | 1O,

‘OH,
A 3 H |
‘3 H "H
Eigen
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forms a Zundel core again for even number of water in the hydra-
tion process. This is in line with earlier reports, which revealed that
proton migration in linear type clusters is more favorable than in
the branched and cyclic motifs. [3,17,54] This is because of the for-
mation of cyclic H-bonded water chain, of a large number of H-
bonds and of the perfect localization of the Eigen core in the mid-
dle of the framework. A similar mechanism was recently found by
Lowe et al. [22] at the silica-water interface.

The BEs of the POSS-H"@W,, clusters agree well with the earlier
reports on proton transfer models such as PCA, CA and TA with
water clusters (where n = 1-6). [3,17,54]| The BEs depend on the
proton leaving ability of the parent molecule. They will reflect
the number of required water molecules to dissociate the proton
from the acid. At the B3LYP/6-311++G** level, the stabilization of
the Eigen cation occurs at hexameric water clusters in linear model
is computed ~ —119, —124, —196 and —118 (in kcal/mol) for POSS,
PCA, CA and TA, respectively. For the branched types lower ener-
gies are derived: POSS (~—117 kcal/mol), PCA (~—112 kcal/mol)
and TA (~—117 kcal/mol). Note that the BEs of POSS-H"@Wg clus-
ters are in close agreement with the Nafion based triflic acid—water
cluster model [54]. This confirms that the proton transfer ability of
POSS moiety at solid-liquid interface is online with well-known
PEMFCs such as Nafion. The main advantage of the POSS frame-
work is that it is insoluble in water, chemicals and it presents a
thermal stability even at elevated temperatures. The POSS moiety
acts as H" source/carrier and at the same time water molecules
act as transporter for the PEMFC materials.

5. Conclusion

This work presents the gas-phase geometries, binding energies,
and infra-red spectral signatures of protonated POSS - water
(POSS-H*@W,,, where n = 1-6) clusters as calculated using DFT
based B3LYP/6-311++G** method. It is the first report on the pre-
diction of Zundel features in POSS-H*@W,, clusters interface and
provide valuable information to detect the Zundel ion in such clus-
ters. We also reveal that the existence of Zundel — Eigen — Zundel
features that are trapped at the POSS-water interface. Moreover,
close scrutiny of linear chain isomers shows that the proton trans-
fer occurs from one water molecule to another molecule via
Grotthuss-type mechanism and these clusters are stabilized by
the Eigen core with the W,, clusters at the middle of the chain. It
is interesting to note that the formation of the Eigen cation
requires a minimum of three water molecules, whereas that of
the Zundel ion needs four water molecules at the POSS-water
interface. At the same time, both POSS moiety and water molecules
act as an H* source and better transporter for the PEMFC materials,
respectively. These features can enhance proton transport through
the water chain at the microscopic hydration level. Such water
molecules can be qualified as active water molecule, since it can
accept a proton from POSS with simultaneous transfer of a proton
to a neighboring water molecules. Since such mechanism was
already found at the silica-water interface 22 and since the present
work hints at its occurrence at nano-water clusters, it may be more
general than usual thought, and we suggest that it should be inves-
tigated further, both by computational and experimental means, to
improve our understanding of proton transport in water near
interfaces.
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the vibrational analysis of POSS-H*@W,, (where n=1 to 6) and the
corresponding tables and figures. Reaction pathway and energy
barrier analysis of POSS-H*@W, clusters using NEB method.

Supplementary data to this article can be found online at
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